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ABSTRACT

1

INTRODUCTION
Polymer electrolyte membrane (PEM) fuel cells have been
explored recently for lightweight vehicular applications as a
clean replacement of batteries, such as the unmanned lightweight
vehicles [1] and meteorological balloons [2]. The application of
interest in this work is to power the altitude control, data acquisition, data storage and communication system on controlled meteorological (CMET) balloons used for tracing gas species and
collecting meteorological data [3]. As with the unmanned aerial
system design, the CMET balloon power system must have minimal mass and provide power reliably in a typical flight of 15
hours. The CMET balloons are currently powered by lithiumion batteries with a specific energy density of approximately 300
Wh/kg. For 10-50 W portable fuel cell power systems, the Department of Energy has targeted specific power densities of 45
W/kg and specific energy densities of 650 Wh/kg [4].
Because fuel cell stack output voltage is variable and dependent upon the current drawn from the stack, there are a variety of electrical system configurations that have been explored
for a range of power conditioning needs. Due to the relatively
slower fuel cell system time response, compared with batteries,
there exists an opportunity to explore the degree of hybridization
that is uniquely optimal for each application [5]. Fuel cells are
often hybridized with batteries to provide a higher peak power
than each individual component with high efficiency and low
costs [6]. Without a DC/DC converter, the fuel cell and battery
hybrid power system voltage is constrained and regulated by the
batteries [7] whose state of charge must be well regulated. This is
a common power system configuration in medium to high power

Polymer electrolyte membrane (PEM) fuel cells have been
explored as a clean battery replacement in portable and miniature applications where total system mass and specific energy
density (Wh/kg) are critical design constraints. By coupling a
boost (step-up) DC/DC converter with a miniature PEM fuel cell
stack, the total power system mass can be reduced while providing voltage regulation capabilities not available with a fuel
cell alone. This configuration is applied to the design of a controlled meteorological (CMET) balloon power system as a casestudy. In this work, we designed and tested three different micropower DC/DC boost converters that were deployed in series with
a PEM fuel cell stack. Testing of the converters revealed a transition region in which the converter output voltage is hysteretic, not
well regulated, and dependent on the input voltage. As a result,
it is important to identify the minimal stable and reliable input
voltage to a given DC/DC converter in order to minimize the fuel
cell power system mass. An optimization strategy is presented
here that enables the minimization of PEM fuel cell stack mass
by identifying the appropriate DC/DC converter input voltage
subject to the dimension constraints of the fuel cell components.
Prototype DC/DC converters were then experimentally tested in
direct connection to a miniature two-cell PEM fuel cell stack.
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2.1

TABLE 1. The critical electric specifications of the LTC 3539 DC/DC
boost converter

Minimum Vin
0.5

Minimum start-up Vin

Vout range

0.77 – 0.8 V

1.5 – 5.25 V

This DC/DC converter is offered in an 8-lead 2 mm x 3 mm
x 0.75 mm plastic dual-flat no-leads (DFN) package. The chip
is connected to five external components (C1 , C2 , L, R1 and R2 )
on a printed circuit board (PCB), as illustrated in Figure 1. The
manufacturer recommends adding a 3.3 pF capacitor in parallel
with the output capacitor to improve the transient response. This
capacitor is not included in our design to minimize the board size
and the system mass. The transient response was evaluated under
stable input voltages and found to be satisfactory.

FIGURE 1. Circuit configuration of LTC 3539 with all the external
components. In this image, the power source is labeled as a fuel cell.

2

DC/DC CONVERTER TESTING
This section details the selection rationale for the specific
DC/DC converter package used in this work, the design and assembly of the printed circuit board, and the static performance
characteristics of the DC/DC boost converter.

Three different PCB designs were considered in this work
with different voltage output regulation capabilities (1.8 V, 3.3 V
and 5 V). These PCBs were printed and assembled by Biettele
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DC/DC Converter Selection and PCB Design
In our experiments, LTC 3539 manufactured by Linear
Technology was chosen as the boost DC/DC converter between
the fuel cell stack and load. This converter has a variable output
voltage range (1.5-5.25 V) that satisfies the needs for our application. Among the various off-the-shelf micro-power DC/DC converters, LTC 3539 requires the least number of external components, which is beneficial for reducing total system mass. Table 1
shows relevant electric specifications for this DC/DC converter
package. Of greatest importance are the minimum input voltage
after start-up, Vin , the minimum input voltage during startup, and
the range of regulated output voltages that can be achieved.

applications, such as vehicular transport.
Several electrical configuration have been proposed for hybrid fuel cell power systems [8]. A load-leveling or load-sharing
hybrid configuration supplements the fuel cell current with battery current. A load following fuel cell can be connected directly
to the load with bi-directional DC/DC converter and battery.
However, most power conditioning is focused on high power applications where mass is not a critical design constraint.
Additionally, one must consider the length of time needed
to store energy and from where the primary energy sources are
being harnessed. For example, fuel cells have been used with
photovoltaic panels for operations at night [9,10] and to generate
reliable electricity in rural areas [11].
In low power applications that require a well regulated output voltage from the power supply, the fuel cell stack voltage
should be regulated. A voltage regulator steps down and regulates a constant output voltage. However, the fuel cell stack
connected with the voltage regulator should have more cells to
produce a higher input voltage to the voltage regulator, which increases the system mass. Boost DC/DC converters can be used
to step up the input voltage. A boost DC/DC converter is an electronic device that produces a regulated DC output voltage from
an unregulated DC input voltage of lower magnitude and higher
current. The fuel cell stack connected with a boost DC/DC converter draws current from the fuel cell. Therefore, the fuel cell
active area increases and the number of cells needed in the stack
decreases. Indeed, a larger active area increases the mass of each
component, but this increase is potentially less significant than
the mass reduction achieved by using fewer cells in the stack.
Therefore, regulating the fuel cell output voltage with a boost
DC/DC converter could result in a power system of lower mass.
In higher power applications, a DC/DC converter has been
used between lithium-ion batteries and fuel cells [12]. However, their work focused primarily on aligning component voltages. While sparse literature is dedicated to power conditioning
in miniature fuel cells, the authors are not aware of optimization
strategies that specifically target reduced power system mass.
In this work, we first characterize the static response of
DC/DC Boost Converters. We then present an optimization strategy to minimize fuel cell power system mass for a CMET application. The reduction in the overall system mass is critical in
order to compete with existing battery technologies. Finally, we
test a multi-cell PEM fuel cell stack electrically connected to a
DC/DC boost converter and load as a proof-of-concept that can
be deployed on a controlled meteorological balloon.

Vout = 1.2 (1 +

R2
),
R1

variable resistive load was connected to the output to simulate an
electrical load. The input current, input voltage and output voltage were measured. The output current was calculated at steady
state with Ohm’s Law from the measured output voltage and load
resistance. The electrical configuration for the DC/DC ICB static
testing is shown in Figure 3. Each DC/DC ICB was tested with
a variety of load resistances and input voltages. To minimize
power system mass, we must identify the minimal DC/DC ICB
input voltage (fuel cell output voltage) required for stable operation under all loading conditions.

FIGURE 2. The prototype integrated circuit board compared in size
to a U.S. dime.

(1)
TABLE 3.

and are used to obtain the desired output voltage. Using the
manufacturer recommended R2 = 1 MΩ to reduce the number
of components that differ for each board, we then calculated the
required R1 . For output voltages of 5 V, 3.3 V and 1.8 V, R1 is
determined to be 312 kΩ, 571 kΩ and 2 MΩ. Table 2 summarizes
the values of all external components for each of the three PCBs.

Mass and size of the three prototypes.

Vload

Mass (g)

Size (cm×cm)

5V

2.5

1.93 × 2.90

3.3 V

2.7

2.17 × 2.97

1.8 V

2.6

2.17 × 2.97

TABLE 2. External component values for each of the three PCBs.
Each PCB was designed to regulate a different output voltage level.

VLoad

C1 (µF)

C2 (µF)

L (µH)

R1 (Ω)

R2 (Ω)

5V

2.2

47

6.8

312k

1M

3.3 V

2.2

47

3.3

571k

1M

1.8 V

2.2

100

2.2

2M

1M

FIGURE 3. Experimental electrical configuration of DC/DC boost
converter connected to a power source and a load.

The same PCB design is deployed for all three prototypes
of the DC/DC converter. An assembled PCB will be referred
as a DC/DC Integrated Circuit Board (ICB), shown in Figure 2.
Table 3 summarizes the mass and size of each prototype.

For the 5 V DC/DC ICB, tests were conducted at a sequence
of static load resistances from 10-250 Ω. The input and output
voltage at each load resistance are plotted in Figure 4.
Each curve in Figure 4 for resistances above 14.8 Ω shows
two regions of operation after turn-on: the transition region and
the region of normal operation. The minimum input voltage that
leads to a positive output voltage is called the turn-on voltage.
For input voltages less than the turn-on voltage, a zero output

2.2

ICB Performance
Each DC/DC ICB was bench tested in stand-alone operation
prior to being connected with a fuel cell stack. The input voltage
to the ICB was provided by an Agilent E3631A power source. A
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Electronics. For each PCB, different external component sizes
were selected as described below. These three output voltage
levels were specifically selected to power the instrumentation on
board the CMET balloon using the three existing voltage buses.
The C1 capacitor is located at the power input to the electrical system. This capacitor filters fluctuations in the fuel cell
output voltage. The manufacturer recommended C1 ≥ 2.2 µF,
which was deployed throughout this work. Similarly, the output
capacitor C2 stabilizes the converter output voltage. The manufacturer recommended that a C2 = 22 µF to 47 µF for output voltages of 3 V or greater and C2 up to 100 µF is required at lower
output voltages. Thus, the 5 V and 3.3 V converter circuits adopt
C2 = 47 µF and the 1.8 V converter circuit uses C2 = 100 µF.
For the inductor, L, the manufacturer suggested values between 3.3-4.7 µH and noted that applications where Vin < 1.6 V
should use a 2.2 µH inductor. Additionally, larger values of inductance will allow greater output current capability. Since the
5 V converter expects a high output current (0.5 A), its inductor is chosen to be 6.8 µH. The input voltage of the 1.8 V boost
converter is generally less than 1.6 V, so a 2.2 µH inductor was
deployed. The 3.3 V converter has a 3.3 µH inductor.
The values of two resistors R1 , R2 are related by

FIGURE 4. Output voltage as a function of input voltage at various
load resistances for the 5 V DC/DC ICB.

voltage is observed. The minimum input voltage that leads to the
desired regulated voltage is called the normal operation voltage.
Input voltages between the turn-on and normal operating voltage
are termed transition voltages. The transition region defines the
space between turn-on and normal operation.
For the 5 V DC/DC ICB, the turn-on voltage is clearly variable and dependent upon the load resistance. Moreover, the turnon voltage at resistances above 14.8 Ω is higher than what the
data sheet claims (0.88 V). In the normal operation region, the
output voltage is well-regulated and centered on 5 V. As load resistance decreases from 250 Ω to 16.3 Ω, the required input voltage for normal operation increases as plotted in Figure 5. For
optimization purposes, the experimentally identified relationship
between the minimal input voltage required for normal operation
and load resistance will be modeled as described in Section 3.

FIGURE 6. ICB output voltage as a function of input voltage at a load
resistance of 15.5 Ω in five trials for the 5 V ICB.

FIGURE 5. Minimum input voltage as a function load resistance for
the 5 V ICB.

FIGURE 7. ICB output voltage as a function of input voltage at a load
resistance of 151.0 Ω in five trials for the 5 V ICB.

The turn-on region for load resistances of 10.7 Ω and 14.8 Ω
has a much larger range of input voltage before the converter
reaches the normal operation. At 10.7 Ω, the converter could

These same trends are observed in the 3.3 V ICB as well as
the 1.8 V ICB, shown in Figures 8 and 9. Generally, the smaller
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not regulate voltage with an input voltage less than 2.1 V. It is
possible that at lower resistances, the inductor is completely discharged before the end of an operating cycle, that is, the current through the inductor falls to zero during part of the period.
Therefore, the output voltage gain has a response that is different
than the converter is designed.
To examine the expected variability in the output voltage at a
given load resistance, the 5 V ICB was tested with fixed resistive
loads of 151.0 Ω and 15.5 Ω. The experiment was repeated five
times as shown in Figure 6 and 7. The converter performance at
a load resistance of 151.0 Ω is reproducible with low variability
in the output voltage. The performance of the converter shows
more variability at the lower load resistance. Note that at 15.5 Ω,
an input voltage greater than 1.8 V leads to normal operation in
all five trials. The result from the reproducibility test matches the
observation from Figure 4 that the output voltage has a different
response at the load resistance below 16 Ω.

3.1

where A is active area, d is distance between the component outer
edge and the edge of the active area, t is component thickness, m
is component mass and ρ is material density. The miniature PEM
fuel cell and stack design used in this work is detailed in [13]. A

FIGURE 8. Output voltage as a function of input voltage at various
load resistances for the 3.3 V converter.

FIGURE 10.
active area).

Cross section of each fuel cell component (A stands for

fuel cell stack of n cells is comprised of 2 endplates, 2 endplate
gaskets, 2 flowfields, 2n GDL, 2n GDL gaskets, n − 1 bipolar
plates, tie-rods and gas fittings. The mass of the plastic tie-rods
and fittings deployed in [13] is assumed to be negligible with
respect to the mass of each additional cell within the stack. The
mass of the fuel cell stack with n cells is

FIGURE 9. Output voltage as a function of input voltage at various
load resistances for the 1.8 V converter.

3

OPTIMIZATION STRATEGY
The relationship between the minimal input voltage for normal operation and the load resistance can be combined with the
fuel cell polarization characteristics in order to appropriately size
the fuel cell stack for minimal system mass. Such reductions in
mass are critical to increase the specific power and energy densities of the fuel cell power system and make fuel cells competitive
with existing battery technologies. We present a general optimization procedure for sizing the fuel cell stack connected with
multiple electric buses each of which is conditioned by a DC/DC
ICB. This method is applied to the CMET balloon power system
as a case study in Section 4.

mstack =2(mep + m f f + meg ) + 2n(mGDL + mGDLg )
+ (n − 1)mbp + mtierod + m f itting .

(5)

By Equations 2, 3, 4 and 5, the fuel cell system mass is a function
of the number of cells n and the active area A.
3.2

Calculation of Input Voltage and Input Current
When multiple electric buses are connected to a fuel cell
stack, the minimum fuel cell stack output voltage is constrained
by the DC/DC ICB that requires the greatest minimal input volt-

5

Copyright © 2017 ASME

Downloaded from http://asmedigitalcollection.asme.org/FUELCELL/proceedings-pdf/FUELCELL2017/40566/V001T03A002/2389083/v001t03a002-fuelcell2017-3713.pdf by University Of Washington Libraries user on 02 June 2022

Calculation of Stack Mass
The fuel cell has a physical constraint when the active area
is varied, namely, the distance d between the edge of the fuel
cell and the edge of the active area is constant. This area is required for sealing and species distribution as well as tie-rods that
hold the materials together. As the active area varies, the dimensions of the other fuel cell components also change, shown in
Figure 10. The mass of the endplate, endplate gasket and bipolar plate can be calculated with Equation 2. The mass of the gas
diffusion later (GDL) and GDL gasket are calculated with Equations 3 and 4 respectively.
√
(2)
m =( A + 2d)2tρ
mGDL =Atρ
(3)
mGDLg =meg − Atρ
(4)

the difference between the regulated output voltage and the supplied input voltage, the narrower the transition region and the
more closely the minimal input voltage listed in the specification
sheet matches the experimentally identified minimal input voltage for normal operation with this DC/DC converter package.

TABLE 4.

3.3

Decision Variables and Parameters
The number of cells, n, and the active area, A, are to be
decided in some optimal fashion in order to minimize the stack
mass, which is the objective function. These variables are called
decision variables. Since the m electric buses are connected in
parallel, the input voltage and input current of each ICB (Vin,1 ,
Vin,2 , Vin,3 · · ·Vin,m , and Iin,1 , Iin,2 Iin,3 · · · Iin,m ) are related to fuel
cell output voltage Vout,fc and fuel cell output current Iout,fc by
Equations 6 and 7.
Vout,fc =Vin,1 = Vin,2 = Vin,3 = · · · = Vin,m
Iout,fc =Iin,1 + Iin,2 + Iin,3 + · · · + Iin,m

Variables used in the fuel cell mass optimization process

Variable

Symbol

Output voltage of FC stack

Vout,fc

Output voltage per cell

Vout,cell

Output current of fuel cell

Iout,fc

Input current of converters

Iin,1 , Iin,2 , · · · , Iin,m

Input voltage of converters

Vin,1 ,Vin,2 , · · · ,Vin,m

Number of cells

n

Active area

A

Fuel cell current density

i

Mass of fuel cell components

mep , mff , meg
mGDL , mGDLg , mbp

(6)
(7)

Furthermore, the output voltage per cell, Vout,cell , and fuel cell
current density, i, are related to the fuel cell output voltage and
output current by Equations 8, 9, 10. Equation 9 represents the
fuel cell polarization curve that must be established from experimental data. Table 4 shows a summary of the nomenclature used
in the optimization process.
Vout,fc =nVout,cell
Vout,cell = f (i)
Iout,fc =A i

(8)
(9)
(10)
FIGURE 11. CMET balloons power system with DC/DC converters
used on ICBs.

The output voltage and output current of the ICBs have been
determined by the electric needs of the load, so they are parameters in the optimization. Parameters also include the thickness of
the fuel cell components, densities of component materials and
the distance between the edge of the active area and the edge of
the fuel cell. They are related to the fuel cell component mass by
Equation 2−4. Finally, because the ICB behavior is a function of
the load resistance, the load resistance of each bus is a parameter.

expected operating conditions was selected from [14],
Vout,cell = a1 + a2 i + a3 log(i) + a4 / exp(0.07i),

(11)

where Vout,cell is the output voltage per cell (V/cell) and i is
the stack current density (mA/cm2 ). By minimizing the sum
of the squared residuals between the measured and estimate cell
voltage, the identified model coefficients with 95% confidence
bounds are a1 = 1.928, a2 = - 0.00743, a3 = -0.0641, and a4 =0.0699.
Then, the minimum input voltage of the 5 V converter as a
function of resistance is fitted with Equation 12. We consider the
general case that the ICB was not bench tested at the operating
load resistance in the power system. At the equivalent resistance
of the 5 V bus (10 Ω), Equation 12 predicts Vin,min = 2.32 V

3.4

CMET Case Study
The optimization procedure is followed to size the fuel cell
stack for the CMET power system. We consider the three electric
buses ranging from 1.8-5 V during a flight of 15 hours. Figure 11
shows the CMET balloon power system with DC/DC converters
deployed as ICBs.
First, the polarization curve of a two-cell PEMFC stack was
measured using a cell and stack design as well as materials described in [13]. For optimization purposes, a basis function that
adequately captures the activation and ohmic overvoltages at the

Vin,min (R) = 51.69e−0.4013R + 1.402e−0.0006235R

6

(12)
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age for normal operation. As the stand-alone ICB testing shows,
the converter output voltage will remain well regulated at the
desired level once the input voltage exceeds a threshold. The
converter input current is a function of load resistance and input
voltage and it can be modeled as shown in Figure 5.

Iin,1.8V = 0.08372eVin,1.8V + 10−6 e2.332Vin,1.8V

cells is varied from 4-10. For each number of cells, the required
active area is determined, from which the fuel cell stack mass can
be calculated. The resulting power system mass as a function of
the number of cells is convex with a minimum at six cells. The
resultant configuration is presented in Table 6. Note that the mass
of this six-cell stack does not include the mass of hydrogen and
subsystems.

(13)
TABLE 6. The optimal fuel cell stack when Rload = 10 Ω using
DC/DC ICBs.

The load resistance of the 3.3 V converter (660 Ω) was not
included in the bench testing. We assume that at 660 Ω, the input
current does not change with input voltage. The input voltage
must be greater than 1.2 V since the 5 V converter has a turnon voltage of 1.2 V at high resistances. Thus, the input currents
for each resistance at input voltages ≥ 1.2 V were averaged and
fitted by Equation 14.
Iin,3.3V (R) = 0.2775e−0.02748R + 0.07664e−0.003935R

# cells
6

(14)

Parameter values used in the fuel cell optimization process

Parameter

Value

Thickness of gasket

0.0127 cm

Thickness of bipolar plate

0.1778 cm

Thickness of flow field

0.1143 cm

Thickness of endplate

0.635 cm

Thickness of GDL

0.0381 cm

Density of acrylic (endplate)

1.18 g/cm2

Density of Buna-N (gasket)

1.25 g/cm2

Density of graphite bipolar plates/flow fields

2.26 g/cm2

Density of GDL

0.541 g/cm2

1.32 cm

Mass of tie-rods and fittings

2.0 g

Current density

Vout,fc

234.7 g

22.5 cm2

83.4 mA/cm2

3.07 V

4

FUEL CELL STACK AND DC/DC ICB
The three prototype DC/DC ICBs used for the three electric
buses of the CMET onboard system were tested by directly connecting each of them to a 2-cell fuel cell stack. Because the 5 V
ICB exhibited the widest range in the transition region and the
greatest variability in expected output voltage at low load resistance, we show the experimental results from that 5 V test here.
The chosen MEA is a Nafion 212 membrane with an active
area of 4.84 cm2 , and a catalyst layer of 0.3 mg/cm2 Pt/C on the
anode and cathode. Straight channels are used on both anode
and cathode flow fields using a single graphite bipolar plate. The
anode and cathode channel depths and widths are 0.032 inches.
The gas diffusion layer is a single sided ETeK ELAT.
The fuel cell membrane was assembled dry and the sealing
of the fuel cell was checked to prevent gas leakages. Dry industrial grade hydrogen was pressure regulated to 1.8 psig at the
anode, and a stream of dry air was delivered to the cathode at a
fixed mass flow rate of 200 standard cubic meter/minute (sccm).
The cathode exhaust was vented directly to the room. The anode
was operated in dead-ended mode with no flow leaving the anode
exhaust manifold. To minimize system mass, neither the cathode
or anode supply gases are humidified.
Figure 12 plots the output voltage of the fuel cell stack, the
output voltage of the 5 V ICB and the current through the load
as a function of time. When the load current was increased at
0.01 A increments during the 1-3 min time period, the fuel cell

Distance between the edge of the active area
and the edge of fuel cell (d)

Active area

The total system mass was calculated for the stack using
DC/DC converters and load resistance of 250 Ω for the 5 V bus,
resulting in a fuel cell stack mass of 72.5 g and a total power
system mass of 95.3 g. The specific energy density 193 Wh/kg
and specific power density is 13 W/kg. We are making progress
towards the Department of Energy’s 2020 target for fuel cell specific power density in portable power applications (45 mW/g)
and the specific energy density of off-the-shelf lithium-ion batteries (approximately 300 Wh/kg) [4].

Table 5 shows a summary of parameter values in the optimization process.
TABLE 5.

Stack mass

For the CMET power system, the optimization problem is
infeasible using a stack with less than or equal to 3 cells because
the resultant fuel cell operating voltage is not great enough as an
input to the ICB for stable operation. The fuel cell system mass
was therefore optimized for cases where the integer number of

7
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Now, we fit the converter input current. We observed that
the input current of the DC/DC converter is a function of the
input voltage and resistance during normal operation. The 1.8 V
converter was bench tested at the load resistance of the 1.8 V
electric bus (40 Ω). For 1.8 V converter at 40 Ω, the input current
vs. input voltage curve after turn-on was fitted by Equation 13 to
minimize the R2 value.

FIGURE 12.

Responses of fuel cell stack and the 5 V DC/DC ICB.

5

CONCLUSION
DC/DC ICBs can be designed to be directly coupled with
PEMFC stacks for voltage output regulation and step-up DC/DC
voltage output capabilities. The static testing of these ICBs
showed that the voltage at which the DC/DC converter reaches
normal operation depends on the input voltage and load resistance. Moreover, the range of input voltage within the transition
region is a function of the DC/DC converter output voltage. The
larger the output voltage, the larger the transition region. For one
converter prototype, the turn-on voltage when deployed across a
wide range of resistances is higher than the data sheet specifies.
As a result, a detailed static map is required of the DC/DC circuit
in order to characterize performance and adequately design the
desired input voltage and resultant PEMFC stack size. An optimization method is developed for the configuration that couples
DC/DC converters with a fuel cell stack. Significant progress
has been made toward achieving a competitive specific energy
and power density when compared to lithium-ion batteries.
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stack output voltage dropped gradually from 1.59 V to 1.08 V
as expected. The converter output voltage remained regulated at
5±0.06 V from 1-2.5 min. We were able to increase the current to 0.12 A before the low load resistance caused the DC/DC
ICB to stop functioning. Then, at 3.1 min, the load current was
decreased slightly to a level where the converter was able to regulate the voltage before. However, the converter could no longer
regulate voltage at 5 V, indicating hysteresis in the ICB minimum
input voltage. From 5-7 min, the load current simulated onboard
instruments turning on and off and the DC/DC ICB satisfactorily
regulated the output voltage at 5 V.

